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Abstract

Stope stability is a critical factor in underground mining, directly influencing safety, productivity, and overall mining
efficiency. Traditional stope design methods often employ uniform stope lengths, disregarding geotechnical variability
and thereby increasing the risk of instability or suboptimal dimensions. This study introduces an automated stability
analysis approach that iteratively evaluates multiple stope dimension scenarios based on the Modified Stability Number
(N’) to identify the optimum stable configuration. By conducting detailed stability assessments for each stope wall, the
method provides a more accurate representation of geotechnical conditions compared to the conventional methods with
uniform stope length. The case study demonstrates that this approach effectively reduces the total number of stopes
while maintaining geotechnical stability, in contrast to conventional methods where 14%-40% of stopes exhibit instabil-
ity. Furthermore, the optimization method achieves a balanced outcome between dilution control and operational effi-
ciency resulted in lower stope production cost. The optimized configurations generated by the proposed method deliver
the lowest total production cost, with estimated savings of approximately USD 1.6-2.4 million compared to conven-
tional designs. These findings confirm that the optimization framework not only enhances geotechnical stability but also
provides a demonstrable economic advantage, underscoring the importance of integrating geotechnical variability into
stope design.
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1. Introduction susceptible to instability. In contrast, smaller stopes may

enhance stability but can lead to higher costs (Li et al.,

The stope stability during mining operations is a cri- ~ 2024; O’Hara & Suboleski, 1992). Therefore, deter-

tical factor that directly influences both the safety and mining the Optimum stope dimensions is crucial to

efficiency of underground mining activities (Diederichs  achieving a balance between economic efficiency and
& Kaiser, 1996; Patanwar et al., 2025; Putra et al.,  geotechnical stability.

2024; Zhang et al., 2024). Ensuring that the stope re-

mains sta"blfa throughoujt the extraction process is essen- plified approach by applying a uniform stope dimension
tial to minimize the risks of ground failures, protect across different areas of the mine (Chen et al., 2024;
workers, and maintain uninterrupted production (Adoko, G0 & Miao, 2022; Heidarzadeh et al., 2019; Patan-
2025). war et al., 2025; Phaisopha et al., 2023; Zhao & Zhou,
The stability of a stope is significantly affected by its  2023). These uniform dimensions are determined based
dimensions and the geotechnical characteristics of the gn the general geomechanical properties of the rock
surrounding rock mass (Adoko, 2025; Cui et al., 2024; g5 (Cui et al., 2024; Heidarzadeh et al., 2020; Kang
Li, Liu et al., 2024; Rinne et al., 2024; Sabao et al., ¢ al., 2021; Nhleko & Musingwini, 2022). This meth-
2022). Larger stopes, while potentially lowering mining  od was used due to its straightforward implementation,
cost and increasing production efficiency, tend to be more  mjinimal computational requirements, and lack of neces-
sity for detailed geotechnical data. Nevertheless, by

* Corresponding author: Tri Karian generalizing stope dimensions across the entire mining
e-mail address: tri_karian@itb.ac.id area, this approach neglects the spatial variability of the
Received: 6 July 2025. Accepted: 1 October 2025. rock mass, overlooking local differences in geomecha-
Available online: 13 March 2026 nical characteristics. Such simplification can result in

Traditionally, several mining operations adopt a sim-
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Table 1. Advantage and disadvantage comparison

Method Advantages

Disadvantages

Uniform stope dimension
(Conventional method)

Simple implementation; low computational
demand; widely adopted in practice

Ignores geotechnical variability
of rock-mass; may cause local instability;

Stope dimension optimization
using automated stability analysis
(New method)

and cost efficiency

Considers spatial variability
of the rock-mass; improves stability

Detailed geotechnical data requirements;
increased computational workload

suboptimal stope dimensions or even localized instabil-
ity around individual stopes (Zhou et al., 2023).

In mining environments characterized by complex
geotechnical conditions, the use of generalized stope di-
mensions can result in significant instability, particularly
in areas of locally weak rock mass (Cakrabuana et al.,
2024; Zadhesh & Majdi, 2022; Zulfahmi et al., 2023).
This instability may lead to stope collapse and excessive
overbreak, as documented in several case studies ad-
dressing dilution and overbreak in weak rock masses
(Clark, 1998). For instance, at the Obuasi Mine in Gha-
na, local zones of poor rock mass and unfavourable
structural conditions were identified as primary triggers
for instability and excessive dilution (Amedjoe & Agye-
man, 2015). Similarly, in the Dongguashan Copper
Mine, China, unfavourable rock-mass structures, low
mechanical properties, and excessive stope hydraulic ra-
dius were the leading causes of tall stope collapse
(Zhang et al., 2024). Conversely, in a gold mine in
Western Australia, the application of uniform stope di-
mensions, based on pessimistic assumptions, resulted in
suboptimal design outcomes in areas with strong rock
mass (Stephenson & Sandy, 2013). These cases under-
score the necessity of addressing local ground weak-
nesses while optimizing stope dimensions in regions of
stronger rock mass through the incorporation of spatial
rock mass variability in both stability analysis and stope
design.

This paper introduces an automated stability analysis
method aimed at improving stope stability assessments
and identifying optimum stope dimensions in a spatially
distributed manner. The method involves iterating through
various possible stope dimensions to determine the most
stable configuration at each location within the mining
area. To implement this method, an algorithm based on
Modified Stability Number N’ by Potvin (1988) will be
used to streamline the analysis.

While this approach demands increased computation-
al resources and more detailed geotechnical data, it of-
fers significant potential benefits (Dolatshahi & Molla-
davoodi, 2024; Sugianti & Tohari, 2023). These in-
clude improved accuracy in stope stability assessments,
reduced dilution rates, a decrease in the total number of
required stopes, and, consequently, lower stope produc-
tion costs. Table 1 summarizes the principal advantages
and disadvantages of the proposed automated stability
analysis method in comparison with conventional uni-
form stope dimensioning practices.

The objective of this paper is to develop and validate
an automated stability analysis method for optimizing
stope dimensions in underground mining by incorporat-
ing spatial variability of rock mass properties into the
design process. This approach aims to improve geotech-
nical stability, minimize the risk of stope failure, and
achieve a balance between dilution control and opera-
tional efficiency. By iteratively evaluating multiple stope
dimension scenarios using the Modified Stability Num-
ber (N”), the proposed method seeks to identify the most
stable and cost-effective configurations, demonstrating
significant economic benefits and enhanced safety com-
pared to conventional designs that rely on uniform stope
lengths.

2. Methods
2.1. Modified Stability Number

The stability analysis method utilized in this study is
based on the modified stability number (N”) introduced
by Potvin (1988), which builds based on the stability
number developed by Mathews et al. (1980). This orig-
inal stability number is derived by adjusting the Q’ value
to account for factors such as induced stresses, the orien-
tation of geological discontinuities, and the angle of the
stope wall. The modified stability number, N’, is calcu-
lated using Equation 1.

N =Q'XAXBXC @)

The rock stress factor (A) represents the strength of
rock and the stress around the stope excavation. The
joint orientation factor (B) assesses how the orientation
of the primary joint set relates to the excavation surface,
and the gravity adjustment factor (C) represents the in-
fluence of gravity on the stope wall stability. The values
of these factors can be obtained using the chart shown in
Figure 1.

An empirical approach is utilized to evaluate the sta-
bility or potential failure of stopes, wherein the hydrau-
lic radius is correlated with the modified stability num-
ber (N”). This method is based on an extensive compila-
tion of case histories originally developed by Mathews
et al. (1980) and later refined by Potvin (1988). The re-
lationship is graphically represented in Figure 2, which
categorizes stope conditions into three zones: stable,
transition, and collapse. By plotting the N’ value against
the hydraulic radius, the chart provides a practical frame-
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Figure 1. Factors A, B, and C by Potvin (1988)
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Figure 2. Modified stability graph by Potvin (1988)

work for assessing stope stability. This enables engi-
neers to determine safe design dimensions for stope ex-
cavation.

2.2. Digitizing Graph Data

The linear approximation method will be used in this
research to reconstruct several graphs from Potvin
(1988) into mathematical functions. Most graphs were
piecewise linear functions, making linear interpolation
particularly suitable for accurately reproducing the
trends without introducing artificial curvature. This
method was chosen because the original datasets were
only available as graphical plots, and linear interpolation
offers simplicity, robustness, and low computational cost
compared with higher-order polynomial or spline meth-
od, which can overfit local noise or produce unrealistic
oscillations (Press et al., 2007). A sufficient number of
points were sampled from each graph to ensure fidelity,
and functions were constructed using Equation 2 (Salo-
mon, 2006). To determine the value of f(x) using the

interpolation method, find i such that x; < x < x;,4, then
interpolate the value using Equation 2.
X — X;

) = fit o i = fD @

i+1

The accuracy of the digitization was evaluated using
the Mean Absolute Error (MAE) for each function, sum-
marized in Table 2. MAE values were below 0.5% in all
cases, confirming that the reconstructed functions relia-
bly represent the original graphs and are suitable for sub-
sequent analysis. To further increase the accuracy of this
method, additional sampling points can be incorporated,
particularly in regions where the function changes rap-
idly (Salomon, 2006). Minor deviations may still occur
due to image resolution or scaling effects.

Table 2. Number of Sampled Point and Mean Absolute Error

(MAE)
Function fn(HR) [fa(SSR)| fz(a) | fej(@)
Nu.mber of Sampled ] 10 6 200
Point
mg‘bsolute Error |6 0% | 0.0% | 0.0% | 0.4%

3. Stope Dimensions Optimization

As a mine can consist of dozens of stopes, with each
stope containing dozens of possible dimensions, manu-
ally determining the stability of hundreds to thousands
of possible stope dimensions is time-consuming (Army
& Karian, 2024). To address this challenge, an algorith-
mic approach is implemented in this research. This pro-
cess consists of several steps executed using Deswik,
Python, and FLAC3D. The general workflow of the op-
timization process is illustrated in Figure 3.

The stope dimension optimization begins by discre-
tizing a mineable stope boundary into individual slices,
with the slice length corresponding to the minimum fea-
sible blasting advanced. Each slice is first evaluated for
stability, and unstable slices are excluded to prevent po-
tential collapse during stopping (Villaescusa, 2014).
Stable slices are then sequentially merged to progres-
sively extend the stope geometry. After each merge, the
stability of the resulting stope is assessed. If the stope
remains stable, merging continues; if the addition of a
slice induces instability, the merging process is termi-
nated, and the last unstable slice is excluded. A new
stope is subsequently initiated from the following slice.
This merge—evaluate—terminate process is repeated until
all the slices are assigned. Geometric discretization and
modelling are performed in Deswik, iterative control is
implemented in Python, and geomechanical parameters
required for stability evaluation are derived from
FLAC3D stress modelling. Details of the algorithm used
in the optimization process are presented in Section 3.1,
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while the stability assessment procedure is described in
Section 3.2.

In this section, several terms and parameters were used;
Table 3 and Figure 4 summarizes the notations and pa-
rameters that were used for the subsequent sections.
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Figure 3. General workflow of the optimization process

3.1. Stope Shape Determination

Iterations will be conducted to determine the opti-
mum stope shape. The objective of this optimization is
to make the stope with the longest possible length, as
described in Equation 3.

Objective function : Max (L) 3)

Stope length is constrained by the stability of the
stope, as a longer stope is more prone to instability. So,
the optimum stope length must be verified as stable
through a stability analysis, as described in Equation 4.
The stope shape parameters, denoted as Shps comprise a
numerical list representing the geometric and geotechni-
cal attributes of the stope wall. The function fy, serves
as a binomial indicator of stope stability classification,
where f5, = 1 signifies the stope shape parameters re-
sulted in stable stope, and f5;, = 0 mean stope shape pa-
rameters resulted in unstable stope. As previously out-
lined, the principal constraint in the optimization process
is stope stability, necessitating that the resulting stope
configuration satisfies fi;,(Shps) = 1. Details about the
stability analysis will be discussed in Section 3.2.

Constrain : fy,(shps) =1 4)

Based on the objective function and constraints, the
pseudocode for the iteration is described in Algorithm
1. In the present algorithm, stability analysis is per-
formed at each iteration to rigorously assess stope con-
figurations. The computational complexity of this algo-
rithm is O(N), where N represents the total number of
stope slices, indicating a direct relationship between the
process count and the number of slices evaluated. This
systematic approach provides a robust framework for

Mineable stope
boundary

Figure 4. Notations and Parameters
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Table 3. Notations and parameters optimizing stope geometry while upholding structural
S T stability throughout the evaluation process.
Notation The proposed algorithm can be classified as a heuris-
o (T 0 tic, constructive iterative al.gf)rithrr.l (.iesigned tq optimize
x 1: Primary Stope stope geometry undpr explicit §tab111ty constramts. It op-
2: Secondary Stope erates by progressively merging stope slices and per-
’ Index of block. forming stability checks at each step, halting expansion
p T S eI s once.instability is detected. This rule-based process em-
; Index number of section. phas1zes computational §fﬁ01ency aqd practical fea51b11—
- : ity rather than exhaustive exploration of all possible
o Index mumber of Slice. configurations and therefore does not guarantee a glob-
k Index number of levels. ally optimal solution. Instead, it produces a locally opti-
Index of stope wall. mal configuration that is inherently dependent on the
0 : Hangingwall sequence in which slices are evaluated. Due to the ab-
w ;:'F};)gzﬁvall sence of backtracking, enumeration, or global search
3 1 End wall strategies:, the algotithrp is bgst describgd as greedy—likp
4 - 27 End wall and heuristic, making it particularly suitable for practi-
Parameters cal appli'cati(.)n's in large §cale mini.n.g scen.arios. where
= [01] sp.eecli,. simplicity, and .rel1able stab111.ty v;rlﬁcatlon are
Sta, ?tgt’g;)?; (;gégee it;zg;: o prioritized over theoretical global optimality.
0: Unstable stope shape
Stability of the wall w at stope s [0,1], Algorithm 1: Stope Shape Iteration
stay 1: Stable stope wall Tnitiation of stope
0: Unstable stope wall se<1 number
Shps Shapclofswpcl, Initiation of stope
slicey jj Shape of slice with index position of i,j,k shps <[ 1 shape with blank
Sty SSggpe gugliber that belong t(3 slice tgg i,),k. shape
i,j.k mean slice won’t be mined.
N; Number of section. Fori=1toN,
N; Number of slice. ‘
Ny Number of level. fork =1to N
Qr Q> value in block. forj=1toN;
UEs; UCS in block. shps < merge (shps, slice;;x) | Merge the stope slice
Siy Induced stress in block. if foa(shps) = 1 If stope shape stable
Dd, Domain of discontinue orientation in block. -
Proportion of the block influenced the stope Stijx < S Ass1gp stope n.u.mber
mY wall w. s to slice tags 1,j,k
0=my <1 else
Woy Eovrvr:l 1v\c;ctor of wall orientation of Stope s shps « slice;
Wpy Perimeter of Stope s in wall w. Segpd
Way Area of Stope s in wall w.
1 Q’ value of Stope s in wall w. if fsta(shps) =1 If slice stable
ucsy UCS of Stope s in wall w. Styjx « Assign stope number
Sty Induced stress of Stope s in wall w. - s to slice tags i,j.k
pav Domain of discontinue orientation of Stope s else
in wall w. — : sty e —1 Assign -1 (unmined)
pay, EIOVI;;?I l/l\]/ector of jo discontinue of Stope s b to slice tags i,j,k
AY Factor A value of Stope s in wall w. shps < L 1
By Factor B value of Stope s in wall w. S8
€y Factor C value of Stope s in wall w. shps <[ ]
Ny N value of Stope s in wall w. ses+1
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Figure 5. Stope shape stability workflow

3.2. Stability Evaluation

Based on the generated stope shape (Shpsg), several
parameters will be generated to evaluate the stability of
the stope. To determine these parameters, the outline of
each stope wall will be generated to determine wall ori-
entation, perimeter, and area. To define the representa-
tive rock mass properties for each stope wall, an n-meter
boundary extension from the stope wall was applied,
corresponding to the expected overbreak depth. Since
the resulting stope is expected to be stable, the overbreak
is anticipated to be less than 3 m (classified as large
overbreak) based on McFadyen et al. (2024). There-
fore, the default value of n will be set to 3 m. This value
remains consistent with the case study used in this re-
search, considering the influence of stope geometry,
stress conditions, and rock mass quality (Cepuritis et
al., 2007; Villaescusa, 2014).

Subsequently, using the modelled stress of the stope,
the wall orientation, and the rock mass properties of the
stope wall, the N’ value for each slice wall will be deter-
mined. This value is then used to evaluate the stability of
each stope wall. The algorithm’s general workflow is
presented in the Figure S, and the details of the stability
evaluation will be discussed in this section.

As mentioned before, the stability of the stope is the
function of several parameters, as described in Equa-
tion S.

stas = fsta(Shps) =
= fsca(Wos", Wpg", Way', Q5" UCSS", Si, DY) (5)

Woy, Wpg,Way are the geometrical parameters of
the stope wall and the other parameter is the geotechni-

cal parameters of the stope wall. The geotechnical pa-
rameters were generated from the block models and
stress models using Equations 6-9.

X Qy xtrxmy

Qs St x Y (6)
Y UCS, X tr xmy
Ucsy = S tr X Y (7)
S_W_ZSirxterﬂ’ g
= Y tr x m¥ ®)
Zpdv=q tr X myY
Dd?]Z{a € Dd,‘:v Zt,*:—xnw’r>o'1 (9)

Given that fy(HR) is the function of stable boundary
of minimum N’ value for each HR from Potvin (1988)
digitized graph. So, the stope wall stability can be deter-
mined using Equations 10-12.

NY = Q¥ X AY X BY x CY (10)
arw = Ve 1
Y = (1)

w_ (1 Ny = fy(HRY)
sta = ) NY < fy(HRY) (12)

Equation 13 is then used to assess the stability of the
stope.
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stad x stal X sta? x stad x sta?, j=1and x =1
stal x sta? x stal X stal, j>1and x =1
stad x stal X sta?, j=1andx =2
stal X sta?, j>1and x =2

(13)

stag =

3.3. Factor A determination

. ucs
Given that fA<

Umax
factor from Potvin (1988) digitized graph, so the Factor
A can be determined using Equation 14.

) is the function of Rock Stress

UCSSW) (14)

Siw

A?/ZfA<

3.4. Factor B determination

Given that:

* fz(a) is the function of the joint orientation factor
from Potvin (1988) digitized graph

* Dd;, is the the norm vector of joint jo

So, Factor B can be determined using Equations 15-16.

WoY - DAY
v o s Ddsjo 15
&s,jo = €OS <|| Woy Il Dd;, ") (4
BY = min(fy(a¥;,) Vjo €{0,1,23,..})  (16)

3.5. Factor C determination

Given that:

* fcs(@) is the function of the gravity adjustment fac-
tor of Stope face from Potvin (1988).

* fcj(@) is the function of the gravity adjustment fac-
tor of critical joint from Potvin (1988) digitized
graph

* Vo = [0, 0, 1] is the vector of vertical plane orienta-
tion.

So, Factor C can be determined using Equations 17-22.

fes(a) =8—7x cos(a) (17)
w _ ( WoY -Vo ) 18
@ =05 \Twor M vo | (18)
Olj;”-o = cos~! (%) (19)

7 Il Vo llll DAY}, |l
Csy = fes(asg”) (20)

Cjy = min(fcj(aj;‘_’jo) Vjo€{0,1,23..},

a¥;, < 30°) (21)
Cy = Qmin({Csy", Cj"}) (22)

4. Results
4.1. Geotechnical Data

This research utilizes a case study from a copper mine
to demonstrate the proposed method. This case study
was chosen because it highlights the importance of opti-
mizing stope dimensions in areas where high productiv-
ity is required despite relatively poor ground conditions.
Several geotechnical parameters were simplified and
stored in the block model. The maximum dimensions of
a regular block model are 10m x 10m, with parameter
values estimated from drill hole data and laboratory test
results. The geotechnical parameters considered in this
study include:

* Geotechnical Domain

¢ Uniaxial Compressive Strength (UCS) (MPa)

* Q' Value

* Major Joint Orientation

The major joint orientation parameters are represent-
ed as integers that correspond to specific joint set codes.
For example, joint set 1 represents a joint set with an
orientation of 220°/45° NE. Figure 6 illustrates the sec-
tion view of the block model.

The copper deposit is hosted within a vein geotechni-
cal domain, with 15 to 80 meters of apparent thickness.
The vein generally trends about N 50° E and dips be-
tween 60° and 80°. The footwall belongs to a marble
geotechnical domain, while the hanging wall consists of
a diorite geotechnical domain.

The planned stopes are distributed across five levels,
with 20 meters of vertical spacing between each level.
The surface elevation is approximately 595 meters above
sea level, placing the depths of the stope between 395
meters and 295 meters of elevation.

The geotechnical condition is relatively complex,
with high variability in rock mass strength as summa-
rized in Table 4. This variability results in significant
differences in stope stability conditions, leading to a
wide range of optimal stope dimensions.

4.2. Mining Method and Stope Sequence

The mining method used in this study is transverse
longhole stoping with a primary and secondary stope se-
quence. This method is typically applied to ore bodies
that are tabular and either vertical or steeply dipping. It
is most effective when both the ore and the surrounding
waste rock have fair to good rock quality (SME, 2011).

In this method, the stope design consists of two types
of stopes: primary stopes and secondary stopes. The
primary stopes are mined first and then backfilled with
cemented backfill, serving as pillars when the secondary
stopes are later mined, as presented in the Figure 7.
Different sizes of primary and secondary stopes are ap-
plied in this study, and their dimensions are presented in
Table S.
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Table 4. Summary of the rock mass properties

Parameters Symbol |Minimum | Maksimum
UCS (MPa) UCS, 5.1 28.5
Q Qr 4.4 9.2
Rock Domain Rd, {Diorite, Ore, Marble}
Joint Set Domain | Dd, {1,2,3,4,5}

Table 5. Stope dimension
Stope Width (m) Height (m)
Primary 10 20
Secondary 20 20

This method was selected because the ore body thick-
ness exceeds 60 meters, necessitating an efficient, large-
scale mining approach. A partial backfill stope approach
is implemented in certain areas where the ore body is too
thick to be mined in a single stope sequence. In these
cases, the stope is divided into multiple sections, and
each section must be backfilled before mining the next
section.

The stope sequence follows an overhand stoping se-
quence, meaning that a stope can only be mined once the
stope below it has already been mined and backfilled.
Additionally, a primary-secondary stoping dependency
is enforced, where a secondary stope can only be mined
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Figure 8. Stopping sequence

Table 6. Material properties of the model

Eara Granodiorite Ma.lrble G b Cemented tailings
(Footwall) (Hanging wall) (Backfill)

Unit weight (kN//m?) 28 28 30 22.1
Uniaxial Compressive Strength (MPa) 23 17 15 3.5

Tensile Strength (MPa) 1.0 0.8 1.7 0.5
Cohesion (MPa) 6.0 2.1 43 0.65
Internal Friction angle (°) 43 40 41 35
Young’s Modulus (MPa) 7800 18600 39000 1000
Poisson’s Ratio 0.16 0.26 0.31 0.30

FLA C3D 6. 00 Phase 2 Phase 4

©2019 Itasca Consulting Group, Inc.

Geometry Type

El Backfilled Stope
Zone Minimum Principal Stress
4.0454E+06
1.7500E+06 v

-7.5000E+05
-3.2500E+06
-5.7500E+06
-8.2500E+06
-1.0750E+07
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-1.8250E+07
-2.0750E+07
-2.3250E+07
- -2.5750E+07

-2.8250E+07

-3.0750E+07
. -3.3250E+07

Phase 6 Phase 8

Figure 9. Stress model result
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Modified Stability Graph
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Hydraulic Radius (m)

Figure 10. Final stope geometry (left) and Stability analysis (Right)

after the primary stopes in the three levels above have
been mined and backfilled. The stope sequence used in
this case study is illustrated in Figure 8. The sequence is
divided into nine phases, with each phase required to be
mined in the specified order.

4.3. Stress Model Result

To capture the stress changes during the stope extrac-
tion and backfilling process, stress modelling was per-
formed using FLAC3D. The analysis was based on the
representative properties of the rock mass and backfill
materials. The material properties applied in the stress
modelling are summarized in Table 6.

The modelling was performed in eight phases, fol-
lowing the stope mining and backfilling sequence. The
maximum and minimum principal stress on each stope
wall was then queried. These stress values were subse-
quently used to represent the stress component in the N’
stability number analysis. An example of stress results
from several phases is shown in Figure 9.

4.4. Stope Final Result

The analysis shows that the optimized stope design
produced a total of 83 individual stopes, consisting of 51
secondary stopes and 32 primary stopes, shown in Fig-
ure 10. The stability analysis results show that all walls
of each stope were in a stable condition. Several stope
walls also reached their critical hydraulic radius.

The computation of the stope final results required ap-
proximately 32 minutes for the algorithm to complete
the entire process, corresponding to an average of 3.1
seconds per stope slice. This computation time is deemed
feasible for implementation in larger and more complex
mining scenarios. The analysis was conducted on a per-
sonal computer equipped with an AMD Ryzen 9 270 (8-

core) processor, an NVIDIA GeForce RTX 5080 GPU,
and 16 GB of GDDR7 memory. Notably, the algorithm’s
running time may vary depending on the mine’s com-
plexity, the number of generated stope slices, and the
device specifications.

5. Discussion
5.1. Stope Dimension Sensitivity Analysis

As described in Section 4.1, the geotechnical condi-
tions are relatively complex, with high variability in
rock mass strength. This variability leads to significant
differences in stope stability, resulting in a wide range of
optimal stope dimensions. To investigate the relation-
ship between rock mass variability and stope geometry,
a sensitivity analysis is presented in this section.

The sensitivity analysis was conducted using the cal-
culated N’ values for each stope wall orientation, as
shown in Figure 11. The results indicate that N’ values
ranged from 0.5 to 90, reflecting the wide variability in
potential stope dimensions. Figure 11 further presents
the percentage of samples that resulted in unstable stopes
at different stope lengths. The analysis shows that stope
lengths should be limited to less than 8§ m to ensure that
90% of stopes remain stable. Applying a uniform stope
length across all stopes would lead to higher costs and
reduced production efficiency. These findings highlight
the necessity of further optimization that accounts for
the spatial distribution of rock mass strength, allowing
stope lengths to vary according to local geotechnical
conditions.

5.2. Stope Geometry Analysis

Based on the Figure 12, the majority of the secondary
stopes have reached their maximum dimension at the
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Figure 13. Distribution of Stope length

Figure 13 shows that several stopes (13% of the total
volume) have a total length of less than 10 meters. Based
on this result, further analysis can be conducted to evalu-
ate the economic feasibility of these short stopes. Min-

back. Meanwhile, for the primary stopes, most have
reached their maximum dimension due to the mined
boundary. The results also show that no stope has reached
its maximum dimension at the hanging wall or footwall.
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ing small stopes can be uneconomical due to increased
mining costs (Samanta et al., 2024).

5.3. Result Comparison

To further evaluate the effectiveness of the proposed
optimization approach, a series of simulations were con-
ducted in comparison with conventional stope design
methods. These simulations incorporated varying stope
length scenarios as dictated by standard design practic-
es. The outcomes of this comparative analysis are sum-
marized in Table 7, which details the performance met-
rics of both the conventional and optimization-based
methodologies.

Table 7. Stope stability result

Number | Unstable
LG of Stope Stope
Stope produced by optimization 83 0 (0%)
Stope with regular 10m length 123 17 (14%)
Stope with regular 20m length 62 25 (40%)
Stope with regular 20m length
of Primary Stope and 10m length 90 18 (20%)
of Secondary Stope

The results show that the new method produces a
more stable stope geometry while requiring fewer
stopes. In contrast, the conventional methods, which ap-
plies a uniform stope length, results in either a more
number of stopes or the presence of unstable stopes. The
distribution of the unstable stopes is shown in Figure
14. Figure 15 shows that most unstable face walls in
regular stope scenarios occur at the back and endwall. In
contrast, stopes designed using the optimization method
have more adaptable HR based on the N’ value, enhanc-
ing stope stability.

Stope instability frequently leads to overbreak of
stope walls (Villaescusa, 2014), resulting in higher min-

ing costs due to increased ore dilution. Consequently,
unstable stopes are typically associated with greater di-
lution percentages. The empirical relationship between
the hydraulic radius (HR), the modified stability number
(N’), and the anticipated stope dilution is presented in
Equation 23 (Roux, 2017).

0.6305 In(HR) — 0.9575, N' <4
o 0.5090n(HR) — 0.8596, 4< N' <11
Stope dilution = .
Ope QURUNON =1 4144\n(HR) — 04673, 11< N' < 21 (23)
0.6357\n(HR) — 1.1934, N'=21

Although longer stopes are generally more suscepti-
ble to instability and increased dilution, their use can
significantly reduce overall stoping costs and streamline
the mining sequence. By employing longer stopes, the
total number of individual stopes is minimized, which in
turn lowers the requirements for slot raises and filling
barricade constructions. This approach not only optimiz-
es operational efficiency but also leads to more cost-ef-
fective production. The cost parameters utilized to com-
pare the conventional and optimization methods are pre-
sented in Table 8, providing a comprehensive assessment
of total stope production costs for each approach.

Table 8. Stope cost parameters

Parameters Value Unit
Mining cost 35.8 $/Ton
Stope slot raise and filling

barricade cost (Stope Fix Cost) S i

Empirical dilution, as presented in Equation 23 and
supported by the cost parameters in Table 8, was utilized
to calculate the expected total stope production cost for
both conventional and optimization methods. Table 9
offers a direct comparison of ore tonnage, dilution ton-
nage, and total stope production costs between these ap-
proaches. The results indicate that smaller stopes with a
regular length of 10 meters more effectively control di-
lution compared to other stope dimensions, albeit at the

produced by

optimization regular 10m length

WY

20m length of Primary Stope

lar20m L h
reguiar20m lengt 10m length of Secondary Stope

D Stable Stope ! Unstable Stope

Figure 14. Distribution of Unstable Stopes
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Figure 15. Stope stability analysis

Table 9. Stope dilution and production cost result
Method Ore Dilution Average Total Number Total Stope

Tonnage Tonnage Dilution | Tonnage | of Stope | Production Cost ($)
Stope produced by optimization 956,046 35,554 3.7% 991,600 83 39,094,326
Stope with regular 10m length 956,046 30,510 3.2% 986,556 123 40,646,328
Stope with regular 20m length 956,046 116,413 12.2% 1,072,459 62 41,079,495
Stope with regular 20m length
of Primary Stope and 10m length 956,046 94,911 9.9% 1,050,956 90 41,522,490
of Secondary Stope

expense of an increased number of separate stopes. Con-  onstrate a balanced outcome in terms of dilution per-
versely, stopes configured with a 20-meter regular length ~ centage and number of stopes. The optimized stope
exhibit the highest percentage of expected dilution, yet  shapes yield the lowest total production cost, with a re-
result in the smallest number of stopes overall. Notably,  duction of approximately 1.6 to 2.4 million dollars rela-
stopes produced through the optimization method dem-  tive to the conventional method. This finding supports
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the conclusion that the optimization method produces
more cost-efficient stope configurations.

Stope production cost calculations, as reflected in Ta-
ble 9, primarily account for production aspects; howev-
er, they often overlook the broader implications arising
from unstable stopes. In practice, stope collapse can lead
to increased expenses due to necessary rehabilitation,
loss of ore reserves, and potential delays in production.
Furthermore, the safety risks associated with such col-
lapses are considerable, as they may result in equipment
damage or, in extreme cases, serious injury and even fa-
talities. These consequences underscore the critical im-
portance of ensuring stope stability, a goal that can be
effectively achieved through optimization method. In-
deed, the application of optimized stope design not only
mitigates geotechnical and safety risks but may also de-
liver greater economic benefits than those indicated
solely by the value presented in Table 9.

6. Conclusions

The new method shown in this research provides a
more cost-efficient and adaptable approach to stope sta-
bility analysis compared to conventional method. By us-
ing an iteration on the stope dimension and conducting
detailed stability assessments on each stope wall, this
method allows for a more accurate evaluation of geo-
technical conditions and the determination of optimized
stope dimensions. Comparative analysis reveals that the
proposed approach effectively reduces the total number
of stopes while maintaining geotechnical stability. In
contrast, traditional methods employing uniform stope
lengths are prone to producing a significant proportion
of unstable stopes; specifically, findings indicate that be-
tween 14% and 40% of stopes generated by convention-
al techniques exhibit instability. Conversely, the optimi-
zation method consistently yields stopes that satisfy sta-
bility criteria.

Furthermore, the comparative analysis underscores
the ability of the optimization method to achieve an ef-
fective balance between dilution control and operational
efficiency. While smaller, uniformly dimensioned stopes
(e.g. 10 m length) exhibit superior dilution performance,
they substantially increase the total number of stopes,
thereby elevating overall production costs. In contrast,
larger uniform stopes (e.g. 20 m length) minimize the
number of the stopes but incur the highest dilution per-
centages, resulting in significant cost escalation due to
increased handling of waste material. The optimized
stope configurations generated by the proposed method
deliver a more favourable outcome by achieving the
lowest total production cost, with estimated savings of
approximately USD 1.6-2.4 million compared to con-
ventional approaches. These findings confirm that the
optimization method not only enhances geotechnical
stability but also provides a demonstrable economic ad-
vantage.

While the demonstrated optimization method exhibits
clear advantages over conventional approaches, it is im-
portant to note that the optimization in this study was
restricted to stope length. Future research can consider a
comprehensive three-dimensional optimization frame-
work that incorporates stope width and stope height, as
such an approach may offer enhanced utility and further
improvements in stope stability and cost efficiency.
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SAZETAK

Optimizacija dimenzija komora u geotehnicki sloZenome rudniku
primjenom automatizirane analize stabilnosti

Stabilnost komora i stupova jedan je od klju¢nih ¢imbenika u podzemnoj eksploataciji mineralnih sirovina pomocu ko-
morno-stupne metode jer izravno utjeCe na sigurnost, produktivnost i ukupnu ekonomsku ucinkovitost proizvodnje.
Tradicionalne metode projektiranja komora ¢esto se temelje na uniformnim dimenzijama, pri ¢emu se zanemaruje geo-
tehnicka varijabilnost leZista, $to povecava rizik od pojave nestabilnosti ili neoptimalnih dimenzija komora i stupova. U
ovome radu predlaZe se pristup automatizirane analize stabilnosti koji iterativno procjenjuje razli¢ite varijante dimenzi-
oniranja komora na temelju modificiranoga koeficijenta stabilnosti (N’) s ciljem odredivanja optimalne stabilne konfigu-
racije. Provodenjem detaljnih analiza stabilnosti za svaki zid komore i medustup, metoda omogucuje znatno precizniju
procjenu stvarnih geotehnickih uvjeta u usporedbi s konvencionalnim metodama uniformnih dimenzija. Studija slucaja
pokazala je da predloZeni pristup omogucuje smanjenje ukupnoga broja komora uz odrzavanje potrebne razine stabil-
nosti za razliku od klasi¢nih metoda kod kojih 14 - 40 % komora pokazuje znakove nestabilnosti. Nadalje, optimizacija
omogucuje postizanje povoljnoga kompromisa izmedu kontrole razrjedenja i operativne u¢inkovitosti, $to rezultira ni-
zim troskovima eksploatacije po komori. Optimizirane konfiguracije ostvarile su najnizi ukupni trosak proizvodnje uz
procijenjene ustede od priblizno 1,6 - 2,4 milijuna USD u odnosu na konvencionalne projekte. Dobiveni rezultati potvr-
duju da okvir optimizacije ne samo da pobolj$ava geotehnic¢ku stabilnost komorno-stupnoga sustava, ve¢ donosi i znatne
ekonomske prednosti naglasavajuéi vaznost uvazavanja geotehnicke varijabilnosti u projektiranju komora i stupova.

Klju¢ne rijeci:
stabilnost komora, komorno-stupna metoda, modificirani faktor stabilnosti N, optimizacija dimenzija komora, automa-
tizirana analiza
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